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The exact ground state of the reduced BCS Hamiltonian is investigated numerically for large system sizes and
compared with the BCS ansatz. A “canonical” order parameter is found to be equal to the largest eigenvalue of
Yang’s reduced density matrix in the thermodynamic limit. Moreover, the limiting values of the exact analysis
agree with those obtained for the BCS ground state. Exact results for the ground-state energy, level occupations,
and a pseudospin-pseudospin correlation function are also found to converge to the BCS values already for
relatively small system sizes. However, discrepancies persist for a pair-pair correlation function, for interlevel
correlations of occupancies and for the fidelity susceptibility, even for large system sizes where these quantities
have visibly converged to well-defined limits. Our results indicate that there exist nonperturbative corrections to

the BCS predictions in the thermodynamic limit.
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I. INTRODUCTION

The microscopic theory of Bardeen, Cooper, and Schri-
effer (BCS) [1] represents arguably the central paradigm of
superconductivity, but it plays also a crucial role for super-
fluid helium-3 [2], ultracold gases of fermionic atoms [3,4],
atomic nuclei [5], and neutron stars [6]. The theory involves
two elements: on the one hand the so-called reduced BCS
Hamiltonian, where only scattering processes between zero-
momentum pairs of fermions are taken into account, on the
other hand a variational ansatz for the ground state of this
Hamiltonian, a coherent superposition of products of pair wave
functions. In this paper we address the question whether the
BCS ansatz is the exact ground state of the reduced BCS
Hamiltonian in the limit of an infinitely large system size.
An early argument for the asymptotic validity of the BCS
ansatz was given by Anderson [7], who pointed out that
BCS theory should be “nearly valid” because in the limit of
large numbers “quantum fluctuations die out.” Later explicit
calculations showed that indeed the ground-state energy, level
occupation, and the free energy were exactly predicted by
BCS theory in the thermodynamic limit [8—10]. Moreover, for
a specific single-particle spectrum (“step model”) Mattis and
Lieb concluded that the BCS wave function was exact in this
limit [11].

Our results, based on Richardson’s exact solution of
the reduced BCS Hamiltonian [12,13], confirm that many
quantities, for instance level occupancies or the ground-
state energy, are predicted accurately by BCS theory in the
thermodynamic limit. This is also true for an order parameter,
defined according to Yang’s concept of off-diagonal long-
range order (ODLRO) [14]. However, for other quantities,
such as a pair-pair correlation function, interlevel occupancy
fluctuations, and the fidelity susceptibility, BCS predictions
are found to differ from the (numerically) exact results, even
for very large system sizes.

The paper is organized as follows. Section II describes
Richardson’s exact solution for the eigenstates of a simplified
form of the reduced BCS Hamiltonian. Section III deals with
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the ground state, on the one hand in BCS approximation,
on the other hand by evaluating the exact solution numerically.
The exact ground-state energy is shown to approach rapidly
the BCS prediction as a function of system size. In Sec. IV itis
shown that Yang’s ODLRO is encoded in a “canonical” order
parameter, which is found to converge to the BCS result in the
thermodynamic limit. Correlation functions involving highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) are calculated in Sec. V. While
for pseudospin operators BCS theory is again found to agree
with the L — oo limit of the exact solution, this is not true for
pair operators or for level occupancies. A similar discrepancy
is found for the ground-state fidelity susceptibility, as shown
in Sec. VI. The results are summarized in Sec. VII.

II. HAMILTONIAN AND ITS EXACT EIGENSTATES

The reduced BCS Hamiltonian in the form introduced by
Richardson [12] for describing nucleons coupled by pairing
forces is

T 8
H = stcfwcw — Z Z CLTCLCNCVT, (1
vo LV, FED

where cia and ¢, are, respectively, creation and annihilation
operators for fermions in level v with spin o and ¢, =
—% + %(21} — 1, v=1,...,L. We use the width W as
unit of energy, W = 1, and of course assume g > 0. The
Hamiltonian has particle-hole symmetry, and therefore the
chemical potential vanishes if the number of fermions equals L
(half filling), the case considered in this paper. The calculations
presented below can readily be performed for other forms of
the single-particle spectrum, for instance for the tight-binding
spectrum of the square lattice, but to discuss the generic large
L behavior it is advantageous to choose a spectrum exhibiting
neither degeneracies nor Van Hove singularities.

In the reduced BCS Hamiltonian (1) all levels are coupled
equally, i.e., the interaction has iniinite range for L — oointhe

space of quantum numbers v (in k space for Bloch electrons).
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In classical statistical mechanics infinitely long-range interac-
tions are generally believed to be treated exactly by mean-field
theory. This suggests that the mean-field description of BCS
for the Hamiltonian (1) is also exact in the thermodynamic
limit. There is however a loophole in this argument. A quantum
system in d dimensions corresponds to a classical system in
d + 1 dimensions. On the additional axis representing time
the interaction does not have to be long-ranged. Therefore it
is worthwhile to investigate the large L limit of Richardson’s
exact solution in detail.

The eigenstates of the Hamiltonian (1) can be classified
according to the number of singly occupied levels. The ground
state belongs to the subspace where all levels are either doubly
occupied or empty (L even). Within this subspace the operators
¢! c,o are identical to b{b,, where

T
bl =c

ey and by, =c, e )

create and annihilate pairs, respectively. Therefore the level
occupancy can be written as

n, = Zcigcw = ZbIb,, 3)
and the Hamiltonian (1) is equivalent to
g .
H=23 eblb,—= 3 bib )

MoV, F#Y
in the subspace where single occupancy is forbidden.
The operators b, ,bI, and n, can be combined to pseudospin
operators s, [7] with components

sux = 3(by + b)),
siy = by = b)), (5)
Sve = 5(ny = 1).
In terms of these operators the Hamiltonian (4) reads

H = zzevsvz - % Z Sp+Sv—> (6)

v
HFV

where 5,4+ = s,, £is,y, and represents an XY ferromagnet
with long-range interaction in an inhomogeneous transverse
field. This Hamiltonian is part of a larger family of integrable
models, for which eigenstates and eigenvalues were found by
Gaudin [15]. Integrability means that there exist L operators
R,,v =1, ...,L, which commute among themselves and with
the Hamiltonian. For our model the R operators are [16]

S, 8y
R_svz—i——z - 7

LAY €~

One readily verifies that for the case considered here (N = L)
the Hamiltonian (6) can be written as

L
H ZZZGVRU, (®)
v=1

which therefore also commutes with all operators R,,.
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The exact eigenstates of the Hamiltonian (1) for M = %
pairs have the form [12,13]

M L
1 .
we) =181, Bl =3 5——bl. O
i=1 v=1 77V !

where |0) is the vacuum state, ¢,,|0) = 0, and the “rapidities”
A; satisfy the Richardson (or Bethe) equations

g L M o)
- = =0. 10
Lg —Ak L #Ak—)»i (10)

The systems for which these equations can be directly solved
are rather small, but recent algorithmic progress [17] allows us
to study much larger sizes L than before. Analytical insight has
been provided by Gaudin [18] in the continuum limit (L —
00), using an analogy to electrostatics. His result was used to
show [19,20] that the BCS equations for the gap, the chemical
potential, and the ground-state energy are reproduced in the
thermodynamic limit. The low-energy excitations have also
been obtained by solving Richardson’s equations analytically
in the strong-coupling limit [21].

III. GROUND STATE AND GROUND-STATE ENERGY

The conventional BCS ground state is defined as

[Wees) = [ [ + v,b))10), (1)
where
EU + &) Ev — &
= —, v, = —, 12
g 28, 2E, (12)
with E, = (¢2 + A%)!/2. The gap parameter A is determined

by minimizing the energy expectation value. For the present
model we obtain

= (2sinh é)f‘ (13)

in the limit L — oo. The BCS state can also be written as

- ZZ—”bi. (14)

|Wpes) o e?'10), B

Its projection on a subspace with a definitive number of
M pairs, |\IJBCS) o (BHYM|0), resembles the Richardson so-
lution (9), but, as emphasized by Combescot and collabora-
tors [22], in the BCS state all pair operators are equal (B),

while they are all different in the Richardson solution (B;[ ).
In the thermodynamic limit the conventional and number-
projected BCS ground states are expected to be equivalent,
but for finite L they differ, especially for weak couplings.
Thus conventional BCS theory predicts a phase transition
at a critical coupling strength g.(L), below which the gap
parameter vanishes, while there exists only a crossover
for the number-projected BCS ground state [23,24]. The
behavior is completely smooth for the exact solution [24].
Here we concentrate on the region g > g.(L), where we
can expect the different ground states to merge. For large
L the critical coupling strength is approximately given by
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FIG. 1. (Color online) Ground-state energy of the reduced BCS
Hamiltonian. Symbols represent the exact result for different system
sizes while the dashed line stands for the BCS result in the
thermodynamic limit.

ge(L) ~ [In(2L) 4+ y]~!, where y is Euler’s constant (y =
0.5772157...).

The exact ground state can be analyzed numerically by
scanning the Richardson equations from g = 0 up to some
finite value g > 0. The computations are greatly simplified by
introducing the variables

g 1
A, == E _ 15
L F 261, —)\,’ ( )

which satisfy the “substituted Bethe equations” [17]

A% — g Z =0 (16)
uusﬁv €~

These quadratic equations can be readily solved for much
larger system sizes than the original Richardson equations (10).
Some quantities are simple functions of A . Thus the ground-
state energy Ey(g) is given by the formula

Zx +— Zzev R 17)

Results for different sizes are shown in Fig. 1. As expected,
the curves converge very rapidly towards the asymptotic limit
of BCS theory,
L 1
E(?CS — ——coth —,
4 g

L — oo. (18)

IV. ORDER PARAMETER

The order parameter of conventional BCS theory [25],

LA
F =" (Wbl W) = - (19)
vanishes for a definitive number of particles and one has to
search for alternatives. A “canonical pairing parameter” has
been proposed by von Delft et al. [26] and adopted in other
studies [27,28],

Doy = Z( (blby)

(chpeun) (el e 0)
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where we have used the notation (O) := (Vy|O|¥,). Numer-
ical calculations for the exact ground state [24] indicate that
®.,y — F for L — oco. However, ®,, does not probe phase
coherence and therefore the quantity

Wean = Z( biby) — (chreulelen)) @D

was judged to be more adequate [29]. Within BCS theory one
has

L 2
A LA 1
‘I’ggs—z (2Ev> — —-arctan — for L — oo. (22)

v=1
This expression reaches a finite limiting value (1/4) for g —
oo, while both F and &, increase indefinitely with g and
represent asymptotically a pair binding energy rather than a
measure of order.
The pseudospin operators (5) can be used to rewrite the
order parameter W,,. First we notice the general relation

bib, = 352+ 11 —n,). (23)

It is easy to see that both the BCS ansatz (11) and the exact
ground state (9) are eigenstates of 5, with eigenvalue % and
we may write

1

\I/can = -5 <I’l v
v

I ()@= ). (24)

W = 0 for the filled Fermi sea, where (n,) vanishes for
&, > e and is equal to 2 for ¢, < ep. Therefore this order
parameter measures deviations from the level distribution of
the filled Fermi sea. This is very satisfactory, at the same
time there exist other Fermi surface instabilities leading to
similar level redistributions as superconductivity. Hence W.,,
is somewhat less specific than Gorkov’s order parameter F,
which is based on the breaking of gauge symmetry.

In another proposal, inspired by Yang’s ODLRO, the
correlation functions

Cpov = (Wolbl by W) (25)

are summed up to yield the parameter [27]

Pop = Y Cpu. (26)
W,V

which is equal to F? for the BCS ground state in the limit
L — oo. However, Yang’s concept of ODLRO is based on the
largest eigenvalue of the matrix C rather than on the sum of its
matrix elements. Thus ODLRO exists if (and only if) C has an
eigenvalue of the order of the particle number, i.e., of the order
L in the present case. This is indeed true for the conventional
BCS ground state, for which the correlation functions are given
by (half filling)

B =,
Cu = 27
8 4E“E’M7év

To find the eigenvalues of the matrix C we have to calculate the
determinant C — wl where [ is the unit matrix. Introducing
the quantities

A E, —¢€,

)= 28
8 2, (28)
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FIG. 2. (Color online) Largest eigenvalue of the matrix C as a
function of L for different coupling strengths, g = 0.1, ...,1.5.

we can write C — wl = FAF where F is diagonal with F,,, =
f, and
n=v,

ay,
A, = 29
v {1’ w# v, (29)

with a, = (g, — w)/f?2. Thus the eigenvalues of C are given
by the zeros of

L L
1
detA = yv— D1 30
etA=[]@ -1 +Zaﬂ_1 (30)
v=1 n=1
Together with
1
a,—1= = [(E, — €,)* —4E]0] 31)
we arrive at the eigenvalue equation
L
AZ
1 =0. 32
+ UZ:I: (E, — €,)* —4FEw 32)

For eigenvalues w of order 1 the summand has to change sign
somewhere between v = 1 and v = L. In turn, if all the terms

0.20f

©

-

6]
T

0.00k

FIG. 3. (Color online) Order parameter W4, as a function of cou-
pling strength for different system sizes. The dashed line represents
the BCS result in the thermodynamic limit.
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FIG. 4. (Color online) Pairing strength, as measured by W¢an/L
(diamonds) and lim; _, oo (@max /L) (dots). The full line retraces the
BCS result.

in the sum are negative, the eigenvalue has to be of order L,
for which in the limit L — oo Eq. (32) implies

L A 2
s =D (2 E) = Ve - (33)

v=1

To find out whether this remarkable equality of order parameter
and largest eigenvalue of the reduced density matrix remains
valid beyond BCS theory, we have calculated both wp,, and
Wean for the exact ground state. The matrix elements C,,,
can be expressed as sums of certain determinants which
depend explicitly on the rapidities A; [28] and are not simple
functions of the quantities A,. Nevertheless it turns out to
be advantageous to solve first the quadratic equations for A,
and then use the procedure outlined in Ref. [30] to extract the
rapidities.

Results for the largest eigenvalue wp,x of C are depicted in
Fig. 2 as functions of L for various coupling strengths. A linear
behavior is clearly observed already for modest system sizes
with slopes that agree perfectly well with BCS theory. Figure 3
shows the exact results for the quantity W¢a,/L, which also
converges rapidly towards the BCS prediction as L increases.
Therefore the relation wpy,x = Wean 1 also found to hold for the
exact ground state and wp,x can be used interchangeably as or-
der parameter. The results are summarized in Fig. 4 where the
exact values for wmax /L and We,, /L atlarge L are seen to agree
both with each other and with BCS theory. We conclude that
the natural canonical order parameter can be defined either by
Eq. (21) or as the largest eigenvalue of the reduced density ma-
trix C. Both quantities are faithfully predicted by BCS theory.

V. CORRELATION FUNCTIONS

We have shown above that the ground-state energy Ej,
the largest eigenvalue wp,x of the reduced density matrix C,
and the order parameter W,,, are correctly predicted by BCS
theory as the system size L tends to infinity. The same is true
for the level occupancy (n,), i.e., for the diagonal elements
of C. But what about nondiagonal matrix elements of C, i.e.,
correlation functions <\IJO|bLbU|\IJ0) with u # v? To answer
this question we have studied the special case where u is the
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FIG. 5. (Color online) HOMO-LUMO  pair-pair ~ correlation
function. Symbols represent the exact solution, while the dashed
lines stand for the BCS result (with L increasing from right to left).

lowest unoccupied “molecular orbital” (LUMO) and v is the
highest occupied level (HOMO), i.e., g, = —¢, = QL)

For the conventional BCS ground state we find Cfgs =
(LA)Y?/[1 4 (2LA)?], where A represents the gap parameter
for L levels (M = % pairs). CEISI:S vanishes for g < g.(L) and
is finite for g > g.(L). Results for the exact ground state are
shown in Fig. 5 and compared to the BCS predictions. There
is good agreement for large coupling strengths but, in contrast
to BCS, slightly above g.(L) there is a peak which does not
decrease with increasing system size. We have extracted both
the peak values Cp,x and the locations of the maxima gpax
by fitting the numerical data with polynomials. The results
shown in Fig. 6 confirm that the maximum saturates at a value
of about 0.30 and its location g, tends to a very small value,
consistent with 0. While BCS theory predicts a simple step
at g = 0 of size % in the thermodynamic limit, our analysis
indicates that the exact solution exhibits a larger step at
g = 0, followed by a smooth decrease towards the asymptotic
strong-coupling limit %.

As a second example we consider the pseudospin-
pseudospin correlation function

S/w = <\IJO|§V. '§v|\p0)v (34)
0.310 N ° ;;’ b
0.4 0308 El e E
[ 0306 El g 1
S oaoaf E g
0.3F os02f E 0/*’ ]
0.300 & I . , ; PR
5 0 200 400 600 80O 1000 @7
g L ’l
(S - i
0.27 .,
[ 4
[ ’,', ® Zmax
0.1 r ,’,’ -
tad ——- 0.000389578 + L1876
i In(L)
0.027. ‘ ]
0.0 0.1 0.2 0.3 0.4
1/In(L)

FIG. 6. (Color online) Maximum Cpax and its location gmax for
the HOMO-LUMO pair-pair correlation function.
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FIG. 7. (Color online) Spy as a function of coupling strength for
different system sizes.

for which BCS theory predicts

GBCS _ 15 €60 + AZ'

== 35
e 4ELE, (35)

For the HOMO-LUMO levels we get SPG° = {[(2LA)? —
11/[(2LA)* + 1], which tends to 1 for L — oo. It is straight-
forward to calculate S,,, for the exact ground state using the R
operators defined by Eq. (7). The ground state is an eigenstate
of these operators with eigenvalues

+ Ay, (36)

where A, is given by Eq. (15). Using the Hellman-Feynman
theorem for r, = (Vy|R, | W) we find (for u # v)

arv 8 1 BAU 0
de, = AL —c) + B, = E(‘V0|Ru|‘1’0)
S SR NIN S (37)
L (e, —€,)? pooy
and therefore
S =t — L — e 22 (38)
4 de,

The pseudospin-pseudospin correlation function depends only
on the quantities A, (and not explicitly on the rapidities A;)
and therefore can be readily evaluated for large system sizes.
Figure 7 shows results for the HOMO-LUMO correlation
function Sy y, in comparison with the BCS prediction. Clearly
the exact results for Spy approach the BCS prediction for
g > gc(L), and the curves merge more and more rapidly
as L increases. These results indicate that the pseudospin-
pseudospin correlation function is reproduced exactly by BCS
theory for any value of g in the thermodynamic limit.

The pair-pair correlation function (25) can be written in
pseudospin language as

C;w = <II/O|(S/J.xsux + s/},ysvy)|\IJ0>
= Sy_u - (‘IJ0|SMZSUZ|\I’()>, (39)

where the (particle-hole) symmetry of C has been used.
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FIG. 8. (Color online) HOMO-LUMO occupancy fluctuations
for different system sizes.

According to Eq. (5) (Wols,$,:|Wo) measures correlations
between level occupancies. It is illuminating to consider
fluctuations of these correlations, i.e.,

Ny = (Wol(n, = (nu))(ny — (n,))|Wo). (40)

N, vanishes according to BCS, but, in view of our previous
findings for C,, and S, it should differ from BCS and
thus remain finite for the exact ground state, even in the
thermodynamic limit. This is indeed found by our numerical
analysis, as shown in Fig. 8 for the HOMO-LUMO occupancy
fluctuations, which exhibit a pronounced minimum located
slightly above g.(L). While the location of the minimum
gmin Moves to the left as the system size increases its value
Nmin remains essentially constant. This is clearly seen in
Fig. 9 where Ny, and gnin are plotted against L and 1/InL,
respectively. For large L gnin ~ 1.12/InL, in close agreement
with the corresponding behavior of the pair-pair correlations
(Fig. 6). In order to understand better this behavior we have
performed a perturbative analysis about the BCS mean-field
ground state. Details are given in Appendix A. We also find
clear minima, as shown in Fig. 10, but in contrast to the exact
analysis not only do the locations of the minima decrease with
L but also their values. This can be seen explicitly from the

[ Feeo—o—o——7¢ e -
05 , 032 [ k! ,,z’, ,
~0.33 3 ,¢’ 1
L Pid ]
0.4 r 0% 3 .,/’ ]
td

035 L L L ! ! 1 1 J ”’
- 0.3 ; 0 200 400 600 800 100012001400 ”’ ;
€ [ L ’, ]
© [ el ]
0.2+ 1
r . ® Zmin 1
o1 /'/ 112287 ]
Lo - m —0.00830258 1
00 ;("’ S S S S S S S AR S S \;
0.0 0.1 0.2 0.3 0.4 0.5

1/In(L)

FIG. 9. (Color online) Minima Ny, of HOMO-LUMO occu-
pancy fluctuations (inset) and corresponding locations gmin as
functions of (InL)~".
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FIG. 10. (Color online) HOMO-LUMO occupancy fluctuations
according to first-order perturbation theory about the BCS ground
state. The dashed line represents the asymptotic behavior N ~
—0.2675gmin.

first-order result
N _ QLAY [1 +2(LA)Y
ST QLAY

For large values of L the dominant g dependence of this
function is through the gap parameter A, with a minimum for
(2LA)? = /5 — 1. Moreover the minimum value is simply
proportional to its location, Npin & —0.2675gmin. For large L
and small g we can use the relation A & e~!/¢ and obtain

o . —0.2675
™ L +0.587 1795

We see that in first-order perturbation theory the minimum
value of these fluctuations tends logarithmically to zero as
a function of system size, while it remains constant in
a full treatment. This suggests that first-order perturbation
theory becomes more and more unreliable when approaching
criticality, i.e., for L — oo, g~ g.(L) — 0. We expect
therefore that in the thermodynamic limit the critical behavior
exhibits nonperturbative corrections beyond the BCS mean-
field behavior.

(41)

(42)

VI. FIDELITY SUSCEPTIBILITY

A sensitive probe of fluctuations is the fidelity susceptibility
Xr, which is often used in the context of quantum phase
transitions [31,32] and can also characterize crossover phe-
nomena [33,34]. For the reduced BCS Hamiltonian xr may
be defined as

2 i InF(s.88)
Lsg—>0 (8g)?

where the fidelity F(g,6g) is equal to the overlap
(Wo(g)|Wo(g + 6g)) between ground states associated with
infinitesimally close-coupling constants. xr(g) can be repre-
sented with respect to the eigenstates |W,(g)) of the Hamilto-
nian with coupling constant g, by using ordinary perturbation
theory in powers of 6g. One finds

! RO A,
S R
wO=72 2 Ew-Eer

xr(g) = — (43)
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FIG. 11. (Color online) Fidelity susceptibility of BCS theory for
L = 10%,10%,10*,10° (from right to left).

Therefore, in contrast to the correlation functions studied in
Sec. V, the fidelity susceptibility probes all the eigenstates of
the Hamiltonian and not only the ground state. The energy
eigenvalues E,(g) converge to the BCS values for L — oo,
but this may not be true for all the matrix elements in the
numerator.

In conventional BCS theory the fidelity susceptibility can
be obtained analytically. For the case studied here we obtain

dAN® 1 &2
BCS v
=l—) — —. 45
XF(®) (dg) 4L;E§ @5)
This function vanishes for g < g.(L) and diverges if g
approaches g.(L) from above, as shown in Fig. 11. The size
of the singularity at g.(L) decreases with increasing L and
disappears for L — oo, where xr is given by

XBCS(g) — A a1+ 4A2) arctan L —2A (46)
F 4g* 2A ’

- L =50

1.5: - L =200 ]
[ L =500 ]
—4— L =1000

L = 1500

—-©— L =2000

f

FIG. 12. (Color online) Fidelity susceptibility as a function of
coupling strength g. Symbols on the lower curves represent numerical
results for the exact ground state and various values of L. The dashed
line stands for the BCS result for L — oo.
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FIG. 13. (Color online) Fidelity susceptibility as a function of
1/1In L for different coupling strengths g. The BCS results are given
at1l/InL =0.

with the asymptotic behavior
BCS, \ . £ -1/
xXr (&) 82° # (47)

for g — 0. There is no divergence at the critical point in the
thermodynamic limit, instead there is a broad maximum for
g ~ 0.26, representing a crossover from the small g to the
large g behavior.

In the Bethe-ansatz framework the fidelity F'(g,8g) is given
by the determinant of an L x L matrix [35], from which the
fidelity susceptibility is calculated using Eq. (43). Figure 12
shows the exact results obtained in this way for different system
sizes in comparison with the BCS result for L — co. We
observe a rapid convergence to a limiting curve for g > g.(L).
This is confirmed by a detailed data analysis, illustrated in
Fig. 13. Clearly the exact fidelity susceptibility levels off at
a different value than the BCS prediction. The difference is
largest around g &~ 0.26 (more than 50%), which is also the
region where both BCS and exact results exhibit a maximum.

i —e~ NBCSL=350 |
1.5¢ —=— NBCSL=100 ]
NBCS L =200 |
i NBCS L =500 |
10l —a— CS 500 |
w L
= BCS L-co
0.5F ]
I b N
0.0 == L ®
0.0 0.8 1.0

FIG. 14. (Color online) Fidelity susceptibility as a function of
coupling strength g for the number-projected BCS ground state and
different system sizes. The dashed line represents the conventional
BCS result for L — oo.
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One may wonder whether the discrepancy between BCS
and exact results for the fidelity susceptibility disappears if,
instead of the conventional BCS ansatz, we use the number-
projected state |\Il](3}gg) . To deal with the number-projected BCS
ansatz we have adapted a recursive scheme, used previously
for calculating the ground-state energy [24]. Details are given
in Appendix B. The results shown in Fig. 14 indicate a clear
convergence between conventional and projected BCS states.
Therefore the discrepancy between BCS and the exact solution
cannot be removed by replacing the conventional BCS ansatz
by the number-projected state.

VII. DISCUSSION

In this paper we have studied the exact ground state of
the reduced BCS Hamiltonian for large system sizes. We
have confirmed that both the ground-state energy E, and
the level occupancies (n,) agree with the BCS predictions in
the thermodynamic limit. A canonical order parameter Wy,
defined either through the concept of ODLRO or by Eq. (21),
was also found to tend asymptotically to the BCS value.
The same turned out to be true for a pseudospin-pseudospin
correlation function. These results support the conventional
wisdom according to which the mean-field treatment of the
reduced BCS Hamiltonian is exact in the thermodynamic limit.
However, we did find counterexamples for which the exact
results differ from those of BCS theory in this limit, namely
the fidelity susceptibility, a pair-pair correlation function, and
interlevel occupancy fluctuations. In this sense the BCS ground
state is not exact in all respects.

The large L behavior of the two correlation functions for
which discrepancies have been found suggests that fluctuations
produce nonperturbative corrections to mean-field critical
behavior for L — oo,g — 0. It would be very interesting
to explore this possibility in more depth, for instance using
field-theoretical techniques. Another direction of research
could be the calculation of dynamic response or correlation
functions, for which the discrepancies may be stronger and at
the same time easier to measure than the quantities considered
here.

We have limited ourselves to s-wave pairing, but an
integrable model with p 4 ip pairing [36] could also be
analyzed in a similar way. We do not expect any significant
differences because for p + ip pairing the density of states
around the Fermi energy is completely gapped, as for s-wave
pairing. An interesting case where the discrepancy between
BCS and exact ground state could be more severe than in these
integrable systems would be a pairing Hamiltonian where the
gap parameter has nodes on the Fermi surface (as for d-wave
pairing in two dimensions).
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APPENDIX A: PERTURBATION THEORY

Bogoliubov’s version of BCS theory is based on the mean-
field Hamiltonian

H, = Zavclacw — A Z(CITC!TN +cypcut), (A1)
Vo v

which is diagonalized by a unitary transformation from
fermion operators ¢, to quasiparticle operators y,,, i.e.,

Hm = QO + Z Evngyvay

vo

where E, = \/e2 + A? and Qy = — ) E, . The mean-field
ground state |\¥,,) is the vacuum of quasiparticles, y,, |¥,,) =
0 for all v,o. The expectation value of the Richardson
Hamiltonian (1) with respect to |V,,) gives the mean-field
ground-state energy

(A2)

2

2
&5 gA? g A
E, = S _$ @A
2 (8 E, T 4LE5> L (Z 2EV) (A3)

v v

The term of order 1/L in the first sum is negligible in the
thermodynamic limit, but for finite L it has a small effect on
the critical value g.(L), above which there is a finite gap A,
and on the value of A for g > g.(L). Without this term the
minimization of E, with respect to A yields the familiar gap
equation

— Sy (Ad)

C2L4~E,)

which will be used in the following. We have verified that this

approximation has negligible effects for large values of L.
We now set up a perturbative expansion around the mean-

field solution. To do so, we introduce the “bare” Hamiltonian

Hy = H,, + E,, — Q0. (AS)
and the perturbation
H =- % Z CL¢CL¢CVLC\)T +A Xj(ci?cil +cuycur)
MoV, Y v
— Ey + Q0. (A6)
The Richardson Hamiltonian is then simply given by
H==Hy+H (A7)

and we may expand in powers of H’. We note that the
first-order correction to the ground-state energy vanishes,
(V| H'|W,,) = 0. The first-order correction to the ground state
is found to be

, gA &y s
W) == 7 D 7Bl

8
_HZ

LV, <V

(ELE, —¢&,¢))

ot
E,E,(E, + Ev)'B;TLﬁv|\IJm>, (A8)

where B := yJT yj | creates pairs of quasiparticles.
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It is straightforward to calculate correlation functions to
first order in H'. For the pair-pair correlation function (25) we
obtain to first order in H’

Cpov =(Wp|b! by |W,) + (¥, [(b], b, + b)) V')
AZ 82 2
= + 3 Sy
4E,E, 8LELE, E}  E}

(ELE, — g,8,)* }
E,E(E,+E)]"

(A9)

We consider now the special case where the two levels
correspond, respectively, to the highest occupied molecular
orbital (HOMO) and to the lowest unoccupied molecular
orbital (LUMO), i.e., ¢, = —e, = 1/(2L). We find
(LAY g 1+4ALA)

T 1H4LA? 21+ 4ALAPP
Proceeding in the same way for the occupancy fluctuations (40)
we find to first order in H’

gA*ELE, — .8,

Cru

(A10)

Ny =—"— . All
. 2L EZEXE,E,) (atl)
For the special case of HOMO-LUMO levels we get
(QLAY[1 + 2(LAY]
Nig=—g (A12)

[1+ (2LAY]52

APPENDIX B: RECURSIVE METHOD FOR THE
NUMBER-PROJECTED BCS STATE

The BCS pair operator
E. _e )\
Bl = ) Bl
; <E vt 8\)) ' B
generates the number-projected BCS ground state
(W) = (BHM0). (B2)

Both the norm of the ground state and the expectation value of
the Hamiltonian can be calculated recursively [24]. We have
used the recursive scheme for determining the gap parameter
for given system sizes L = 2M and coupling strengths g. We
show now how to adapt this method for calculating the fidelity

(o)

I Al )

F(g.g") = (B3)

where |W'™)) is the ground state for the coupling strength g’.
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The action of the operators b, ,n, on |[¥™)) is given by

bvlqj(M)> — val‘ll(M_l)> _ M(M _ 1)f2b1t|\lj(M_2))s

v

ny WMy = 2M £, b1 (WMD), (B4)
leading to a recursion relation for the norm
ZM = (gD Dy (B5)

namely

ZM = mzM OS2 - 1) f2SMD, (B6)

where

SO0 = (w Ml M D) (B7)
is calculated through
SM = Mf,ZzM=D — MM — 1) f2sM=D, (B8)

Corresponding relations hold for Z'™) and S/™, while the
overlap

VM = (gD (B9)
is obtained recursively as
vy _ppyM-1 Z o f!

- MM =1 f2AEWM, (B10)
where

WM = (@i g M =Dy (B11)
One also needs the quantity

Y = (@M T g/ M =Dy (B12)

The system is closed by the recursion relations for W™ and
y M)
v s

WM = Mf V™MD — MM — 1) £ M,
(B13)
Y = M VD — MM = D fEWMD,

together with the initial conditions

7 _ Z £2, 720 = qu/z’ vy — Zf‘)fv/‘
v v v

SV=y"=rf, §SO=w"=r. (B14)
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